† Background and Aims Plants need different survival strategies in habitats differing in hydrological regimes. This probably has consequences for vegetation development when former floodplain areas that are currently confronted with soil flooding only, will be reconnected to the highly dynamical river bed. Such changes in river management are increasingly important, especially at locations where increased water retention can prevent flooding events in developed areas. It is therefore crucial to determine the responses of plant species from relatively lowdynamic wetlands to complete submergence, and to compare these with those of species from river forelands, in order to find out what the effects of such landscape-scale changes on vegetation would be. † Methods To compare the species' tolerance to complete submergence and their acclimation patterns, a greenhouse experiment was designed with a selection of 19 species from two contrasting sites: permanently wet meadows in a former river foreland, and frequently submerged grasslands in a current river foreland. The plants were treated with short (3 weeks) and long (6 weeks) periods of complete submergence, to evaluate if survival, morphological responses, and changes in biomass differed between species of the two habitats. † Key Results All tested species inhabiting river forelands were classified as tolerant to complete submergence, whereas species from wet meadows showed either relatively intolerant, intermediate or tolerant responses. Species from floodplains showed in all treatments stronger shoot elongation, as well as higher production of biomass of leaves, stems, fine roots and taproots, compared with meadow species. † Conclusions There is a strong need for the creation of temporary water retention basins during high levels of river discharge. However, based on the data presented, it is concluded that such reconnection of former wetlands (currently serving as meadows) to the main river bed will strongly influence plant species composition and abundance.
INTRODUCTION
Flooding of riverine areas can be an important stress factor for plants, when these cannot acclimate to the adverse conditions during submergence. Such flooding events have always been temporal, as they are caused by strong rainfall and snow melting, but recently peak discharges of European rivers have increased in volume due to extensive anthropogenic activities (such as regulation of rivers, removal of vegetation cover over large areas, intensive agriculture and building of dams and roads) . Human development is often near river beds, which is why it becomes more and more important to control flooding, in order to prevent substantial personal and financial damage. Reconnection of former river floodplains has been proposed as a measure to widen the river bed in periods of high water discharge, but so far it is not known how vegetation in these areas will respond to such a dramatic change in flooding regime. This study compares the flooding tolerance of plant species adapted to frequent river floods with that of species from former river forelands, thus yielding information on which changes in vegetation may be expected if such areas are reconnected to the current river bed.
Soil flooding causes displacement of gases when soil pores are filled with water. The low diffusion rate of oxygen in this medium (which is 10 000 times slower than in air; Armstrong, 1979) results in limitation of oxygen availability for plant roots, soil micro-organisms and chemical processes (Gliński and Stępniewski, 1985) , and leads to a switch of aerobic metabolism of plants into less efficient anaerobic fermentation, causing a fast depletion of carbohydrate reserves (Bailey-Serres and Voesenek, 2008) and, in intolerant species, ultimately in plant death (Fox et al., 1995; Gibbs and Greenway, 2003) . Additionally, accumulation in the soil of reduced phytotoxins (Fe 2þ , Mn 2þ , sulfide and, at high concentrations, ammonium; Snowden and Wheeler, 1993; Lucassen et al., 2000 Lucassen et al., , 2002 can have a negative impact on plants, causing, among others, growth retardation, reduction in leaf size, wilting of shoots and necrosis (Snowden and Wheeler, 1993) .
In response to the severity of flooding stress, terrestrial wetland species developed a variety of strategies to resist flooding (Vartapetian and Jackson, 1997; Bailey-Serres and Voesenek, 2008) . High metabolic activity may be avoided during submergence in order to lower energy demand (Geigenberger, 2003) , thereby saving carbohydrate reserves. Alternatively, increased shoot elongation can restore contact of leaves with the atmosphere (Banga et al., 1995; Voesenek et al., 2004) , which combined with improved internal gas transport via aerenchyma formation results in a sufficiently high oxygen status (Armstrong, 1972; Visser et al., 1996; McDonald et al., 2002; Colmer, 2003) . If the water surface cannot be reached, underwater photosynthesis may improve carbohydrate and oxygen concentrations . Ultimately, survival during submergence will depend on the balance between costs and benefits of these acclimations, which are largely determined by timing, frequency, depth and duration of flooding (van Eck et al., 2004 (van Eck et al., , 2005 Voesenek et al., 2004) , and also by the interaction between the floodwater properties and biochemical processes in the soil (van der Welle et al., 2007) .
The flooding tolerance of species determines their distribution along flooding gradients in river forelands van Eck et al., 2004) . However, it is obvious that tolerance to soil flooding (waterlogging) requires a different suite of traits than tolerance to complete submergence does. Traits that improve internal gas transport between shoot and roots (Colmer, 2003) and that decrease vulnerability to toxic reduced soil components (Laan et al., 1989; Engelaar et al., 1995; Colmer, 2003) are imperative during soil flooding, whereas surviving complete submergence requires additional responses such as shoot elongation, underwater photosynthesis and/or a much more efficient use of carbohydrate stores . This does not exclude that a single species can display both types of traits, as shown by Rumex crispus, which forms adventitious, aerenchymatous roots within just a few days after soil flooding (Visser et al., 1996) , but also survives complete submergence under low light conditions for .2 years (Vervuren et al., 2003) . However, adaptation to both types of flooding regimes is probably not very common, as indicated by the differences in species composition between habitats with permanent soil flooding and those with frequent deep flooding. Still, experimental screening of differences in tolerance to complete submergence of species from such contrasting wetland habitats has not been done so far.
If different strategies are needed in habitats differing in flooding regime, then this will have consequences for plant performance when hydrological conditions are altered (van Bodegom et al., 2006) , for instance when areas that have been confronted for a long time with regular soil flooding only, are reconnected to the highly dynamical river bed. Such changes in river management are increasingly urgent (Wolsink, 2006) , especially at locations where water retention can prevent flooding events in important urban, industrial and agricultural areas. The frequency of summer flooding events has increased during the last decades, because of emissions of greenhouse gases enhancing global warming and concomitantly hydrological cycles (Ulbricht et al., 2003; Kundzewicz et al., 2005) . It is therefore crucial to know the responses of species from relatively low-dynamic wetlands to deep flooding, and compare these with those of species from river forelands, in order to find out what the effects of such landscape-scale changes on vegetation would be.
In order to compare tolerance of species to flooding and their acclimation patterns, a greenhouse experiment was designed with 19 plant species from two contrasting sites: (1) permanently wet meadows in a former river foreland; (2) frequently submerged grasslands in a river foreland. Treatments with short (3 weeks) and longer (6 weeks) periods of complete submergence were used to find out if these species differed in their survival, morphological responses and growth upon deep flooding.
MATERIALS AND METHODS

Research area
Plant material was collected from grasslands near the villages Kępa Solecka (51808 0 N 21847 0 E) and Kosiorów (51813 0 N 21853 0 E), which are located in south-east Poland. These research areas differ in hydrological conditions and vegetation composition, as described below.
Seeds from Kępa Solecka were collected from grasslands on sandy clay in the river forelands of the Vistula River. This area is irregularly but frequently flooded in periods of winter or spring snow melting and after strong spring, summer and autumn rainfall. The vegetation distribution is influenced by these flooding events, as can be seen from a zonation that depends on the elevational gradient and on the distance from the river bed (data not shown). Plant material from Kosiorów was collected from flat, very moist meadows with peaty soil. In the past, this area was regularly flooded by the Chodelka River, a tributary of Vistula River, but dike building has protected it against flooding for 50 years. The current vegetation is dominated by Deschampsia cespitosa and Holcus lanatus, and the vegetation composition varies with soil moisture, content of soil organic matter and agricultural management (e.g. mowing, grazing, fertilization), but many species seem to be generally well adapted to high soil water tables.
Plant material
Nineteen plant species, including eight species from the Kępa Solecka floodplain and 11 species from the Kosiorów meadows, were selected based on abundance in the field, seed availability and germination success. According to Ellenberg's indicator values (Ellenberg et al., 1992) , these species represent a range of preferences to different soil moisture conditions, although on average the species tended to prefer relatively moist to wet soil (5-7 on the scale of Ellenberg; Table 1 ). It should be noted that this scale does not discriminate between habitats with fluctuating water tables and stable/stagnant soil water.
The experiment was performed in two series, conducted in autumn and winter of two consecutive years, because of limitations in seed/ramet availability and space. These two autumn/winter periods did not show extreme warm periods, which made control of greenhouse conditions (see below) very much comparable between the two years. The majority of plants (Achillea millefolium, Arabidopsis suecica, Cerastium fontanum, Deschampsia cespitosa, Linaria vulgaris, Lolium perenne, Phleum pratense, Plantago lanceolata, Plantago major, Prunella vulgaris, Ranunculus acris, Rumex acetosa, Rumex confertus, Rumex crispus, Silene pratensis and Verbascum densiflorum) were raised from seeds collected in one of the research areas. The seeds were germinated on moist filter paper in Petri dishes in a growth cabinet [ photosynthetic photon flux density (PPFD) 20 mmol m 22 s 21 at plant level, day 12 h 20 8C, night 12 h 10 8C] for about 1 week. Then, the seedlings were transplanted onto polyethylene granules soaked with nutrient solution (Visser et al., 1996) After 3 weeks all plant species were planted into polyethylene pots (8 Â 8 Â 9 cm) filled with a mixture (1 : 1, v/v) of sieved fertilized potting soil and river sand, and placed in the greenhouse for 2 weeks to acclimatize. The positions of the pots were changed regularly to avoid the influence of local conditions on growth of replicate plants.
Experimental design
Well-developed young plants were selected for the experiment, distributing size classes equally over the treatments. An initial group was harvested at the beginning of the experiment in order to determine initial size and weight of the plants. Plants of each species were subjected to four treatments with flooding and recovery periods as shown in Fig. 1 . Control plants were grown for 8 weeks with watering three times a week. Two groups received a short flooding of 3 weeks, followed by either 2 weeks or 5 weeks of recovery under control conditions. Finally, one group received a long flooding of 6 weeks followed by 2 weeks of recovery.
The durations of the flooding periods were chosen according to data from previous experiments van Eck et al., 2004) , where these durations proved to result in substantially different responses in tolerant and intolerant species. A recovery period in the experimental design is essential to distinguish between dead and viable individuals; immediately after de-submergence this is not feasible. Furthermore, re-aeration after flooding can lead to the formation of free oxygen radicals and post-anoxic injury (Crawford and Brändle, 1996) . The damage in plant cells caused by the radicals can result in death of plants within 2 weeks of flooding, if these do not possess mechanisms preventing such excessive oxidation processes (Nabben et al., 1999) . Two different durations of recovery following short flooding were chosen to be able to compare the effect of short flooding with control plant growth (no flooding for 8 weeks), and, alternatively, to compare two different flooding durations (short and long flooding) followed by a similar recovery period.
Plants subjected to flooding treatments were randomly placed in two basins (diameter 1 . 85 m, depth 0 . 9 m) in the greenhouse, which were filled with tap water 2 weeks before the beginning of the experiment. The depth of water column was kept to 60 cm above pot level in order to ensure complete submergence of all plants. The water was mechanically circulated and filtered to reduce algae growth, and the filtered water returned to the basin via a small waterfall, thereby restoring the equilibrium of the dissolved gases with the air. Dissolved carbon dioxide concentrations were around 15 mM (at 20 8C and pH 8 . 4), as measured earlier in similar experiments (Mommer et al., 2006) . The PPFD was regularly measured in basins and ranged at plant level between 7 and 24 mmol m 22 s 21 . After 5 and 8 weeks, depending on the treatments, survival of plants was determined based on plant appearance. Plants with any green turgid leaves were assigned as viable (Nabben et al., 1999; van Eck et al., 2004) . When .50 % of the plants of a species died after the short flooding treatment of 3 weeks, this species was supposed to be relatively intolerant. When .50 % of the plants died after the long flooding treatment, a species was classified as intermediately tolerant, and when .50 % of the plants survived 6 weeks of flooding it was rated as tolerant, similar to the classification as proposed by Blom et al. (1990) and van Eck et al. (2004) .
At harvest, height of the shoot and length of the longest leaf were measured of the surviving plants in each treatment, in order to estimate which flooding depth could be overgrown by the shoot, after which the root system was gently washed out of the soil. No clear indications of excessive release of toxic compounds from the soil in the submerged pots, such as precipitations of Fe or sulphide, were found. Plants were divided into leaves (including petioles), stems, taproots and fine roots and dried at 70 8C for 48 h.
Data analysis
Statistical testing of data on dry weight of leaves, stems, taproots, fine roots and plant height did not include relatively intolerant species, because in these cases the number of replicates was insufficient. Data were log (x þ 1) transformed to meet the assumptions of normal distribution and homogeneity of variance, and analysed with SPSS version 15 . 0 (SPSS Inc., Chicago, IL, USA) and SAS version 9 . 1 (SAS Institute Inc., Cary, NC, USA).
The data were examined with two two-way nested ANOVAs, with treatment and habitat or tolerance level as fixed factors and species as random factor. In the first analysis, species were nested within habitat, whereas in the second analysis species were nested within tolerance level. Treatment means were compared with Tukey's tests.
RESULTS
Survival
The survival during flooding treatments was significantly different (P , 0 . 001) for plant species from the two research areas ( Fig. 2A) . All species inhabiting river foreland survived both 3 and 6 weeks of flooding and were thus classified as tolerant (for classification criteria, see Materials and methods), whereas species from wet meadows showed one of three responses: relatively intolerant (three species -Galium palustre, Silene pratensis and Verbascum densiflorum), intermediate (six species -Arabidopsis suecica, Cerastium fontanum, Galium boreale, Holcus lanatus, Linaria vulgaris and Rumex acetosa) or tolerant (two species -Deschampsia cespitosa and Ranunculus acris).
Among the species that were tolerant to flooding, eight of them (Deschampsia cespitosa, Plantago lanceolata, Plantago major, Phleum pratense, Prunella vulgaris, Rumex acetosa, Rumex confertus and Rumex crispus) showed no mortality at all, whereas survival rates of Achillea millefolium, Lolium perenne and Ranunculus acris decreased by 20 -30 % after 6 weeks of flooding ( Fig. 2A) .
In order to allow comparisons between plants with the same growth period above water, and also between plants that had the same growth period overall during the experiment, the experimental set-up included two short flooding treatments followed by a recovery period of different duration. The length of this re-growth period had no influence on survival of plant species that originated from the river foreland, whereas it negatively affected some relatively intolerant and intermediately tolerant meadow species (Galium palustre and Silene pratensis as well as Arabidopsis suecica and Linaria vulgaris; Fig. 2B ). The increased mortality during recovery was probably due to strong decay of the roots during the submergence period, which was confirmed by a significant positive correlation between root : shoot ratio of plant species treated with 3 weeks of flooding followed by 2 weeks of recovery, and their survival rates when allowed to grow for another 3 weeks (5 weeks of re-growth) (R 2 ¼ 0 . 84, P , 0 . 01). Furthermore, it was observed that in a number of Arabidopsis suecica plants, decay of the roots or the rootshoot junction during submergence caused detachment of the shoot, which floated up to the water surface and died.
Biomass
The results of two separate two-way nested ANOVAs on the effects of treatment, habitat, species nested within habitat, and their interactions, and on treatment, tolerance level, species nested within tolerance level, and their interactions on plant biomass parameters and plant height are presented in Table 2 . During the course of the experiment, significant differences developed between species originating from the two habitats (Fig. 3) . Species from river forelands subjected to all treatments were characterized by a higher production of total biomass, biomass of leaves, stems, fine roots and taproots than wet meadow species. The latter group, on the other hand, had higher root : shoot ratios. When comparing groups of species with different tolerance level to flooding, dry weights of leaves and roots were higher in the tolerant than in the intermediate group, but root : shoot ratios showed an opposite response.
The majority of tolerant species gained more leaf biomass than was lost due to decay during flooding (e.g. Plantago major, Deschampsia cespitosa, Prunella vulgaris, Plantago lanceolata and Rumex confertus; Fig. 3 ). This indicates that biomass production continued during flooding or commenced soon thereafter. In case of Rumex crispus, the 5-week re-growth period following short flooding resulted even in a shoot biomass comparable to that of the control plants, which grew for the same period (8 weeks) under non-flooded conditions. Lolium perenne, Achillea millefolium, Phleum pratense and Ranunculus acris increased their leaf biomass in both short flooding treatments when compared with the initial harvest, but their growth was negatively influenced during 6 weeks of flooding. Among the intermediate species, Arabidopsis suecica, Galium boreale, Holcus lanatus and Rumex acetosa increased or still maintained their leaf biomass during short flooding, whereas Cerastium fontanum and Linaria vulgaris were less sustainable to the biomass. Similar to the leaf biomass responses, tolerant species also increased their stem biomass (Plantago major and Ranunculus acris), and some of them actually reached the size of control plants during the 5 weeks of recovery after short flooding (Deschampsia cespitosa, Plantago lanceolata, Prunella vulgaris and Rumex confertus). During and after submergence, stem biomass did not change in two tolerant species (Phleum pratense and Rumex crispus), in none of the intermediate species (Arabidopsis suecica, Cerastium fontanum, Galium boreale, Holcus lanatus, Linaria vulgaris and Rumex acetosa) and in one relatively intolerant species Galium palustre (Fig. 3) .
The taproot biomass of the river foreland species Plantago lanceolata, Plantago major, Rumex acetosa, Rumex confertus and Rumex crispus increased significantly in all treatments in The initial number of plants was eight in the control treatment (except for Pv, Sp and As, in which it was seven, and Hl and Gb, in which it was six), nine in short flooding treatments and eight in the long flooding treatment (except for As, in which it was six, and Lv, in which it was nine).
comparison to the initial harvest, even after 6 weeks of submergence (Fig. 3) . Fine roots of most of the examined species, however, were generally not able to grow well in the flooding treatments. Exceptions were Plantago lanceolata, Rumex confertus, Rumex crispus and Plantago major, which increased fine root biomass including adventitious roots during or just after long submergence, although in the latter species 6 weeks of flooding caused stronger decay of the root system, resulting overall in loss of root biomass. In Achillea millefolium and Deschampsia cespitosa, fine root biomass when subjected to short submergence was similar to that of the initial harvest, but decreased after long flooding. Finally, roots of Arabidopsis suecica, Cerastium fontanum and Galium palustre showed decay rather than new growth. Other intermediate species maintained their initial root biomass during both flooding treatments, if they survived.
Shoot elongation
The maximum height of plants subjected to the flooding treatments indicates the species' ability of shoot elongation, which under favourable conditions can help to restore contact of leaves with the atmosphere. In the current experiment, none of the species was able to reach the water surface of the 60-cm-deep basin, except for the tallest individuals of Galium palustre, Holcus lanatus and Linaria vulgaris immediately at the start of flooding. However, these longer stem and leaf parts died within a couple of days and did not improve survival of these plants.
The tolerant species Phleum pratense, Deschampsia cespitosa and the intermediate species Holcus lanatus elongated their shoots to about 30-35 cm and thereby positioned their leaves at a level in the water column with superior light conditions. Increased flooding duration resulted in a decline in height (Fig. 4A) , because of partial shoot decay. The only exception was Prunella vulgaris, a tolerant species, which increased in height to a similar extent during short and long submergence.
Almost all tolerant plant species (Achillea millefolium, Deschampsia cespitosa, Plantago lanceolata, Plantago major, Prunella vulgaris, Ranunculus acris, Rumex acetosa, Rumex confertus and Rumex crispus) elongated their shoot during flooding or in the re-growth period immediately thereafter, when compared with the initial harvest. Surprisingly, also the intermediate species Arabidopsis suecica showed elongation of the shoot under water during the 3 weeks of TABLE 2. Effects of (A) treatment, habitat, species nested within habitat and their interactions and (B) treatment, tolerance level, species nested within tolerance level and their interactions on total dry biomass, leaf dry biomass, stem dry biomass, taproot dry biomass, fine root biomass, root: shoot ratio and plant height of the various species
F-values for: F-values for: 3 . Biomass of the various species after being subjected to different flooding treatments. The group of tolerance level is indicated in parenthesis after the species name: t, tolerant; m, intermediate; i, intolerant. The following treatments were applied: initial harvest, control growth for 8 weeks, short flooding for 3 weeks followed by 2 weeks of recovery, short flooding followed by 5 weeks of recovery, and long flooding for 6 weeks followed by 2 weeks recovery, respectively. The columns present means of dry weight of the different plant compartments as indicated: above-ground biomass shown above the x-axis and belowground biomass as negative values below the x-axis; d indicates that none of the replicates survived the treatment. Error bars indicate the standard error. Initial replicate numbers are shown in the legend to Fig. 2 . The initial number of plants (species abbreviations as listed in Table 1 ) was eight in the control treatment (except for Pv, Sp and As in which it was seven, and Hl and Gb in which it was six), nine in short flooding treatments and eight in the long flooding treatment (except for As in which it was six, and Lv in which it was nine). Please note that panels have different scales. The remaining species, including the two relatively tolerant grass species Lolium perenne and Phleum pratense, did not increase their height (Fig. 4A ), but observations during the submergence period indicated that also these plants (with exception of Silene pratensis and Verbascum densiflorum) had a more vertical positioning of their leaves, thus reaching closer to the water surface. As expected, the prolonged 5-week recovery after 3 weeks of submergence usually resulted in a height increase compared with the 2 weeks of re-growth period (Fig. 4B ), but total height was still lower than that of the control group. Only three tolerant species (Prunella vulgaris, Rumex confertus and Rumex crispus) and one intermediate species (Cerastium fontanum) elongated very fast and reached or exceeded the height of plants grown under control conditions for the same duration (8 weeks).
DISCUSSION
Irregular flooding can be an important stress factor for plants that inherently do not possess or are not able to develop traits enabling survival in submerged conditions. Especially spring and summer floods, which occur after strong rains , have a high impact on plant survival (Vervuren et al., 2003; van Eck et al., 2004) . Based on the results presented here, it can be concluded that plants from wet meadows are likely to be less tolerant to complete submergence than plants from frequently flooded river forelands. All species from the latter habitat that were tested in the present experiment were able to survive even 6 weeks of complete submergence.
Wet meadow plants, which are continuously confronted with high soil moisture and temporary shallow soil flooding, probably possess traits that enable them to cope with oxygen limitation in the root zone and with unfavourable biogeochemical reduction processes. However, deeper flooding, when plants are completely submerged and oxygen, carbon dioxide and light availability are strongly limited, seems to require solutions at the whole plant level, including the shoot. The majority of plant species from wet meadows could survive only 3 weeks of complete submergence. Two species growing at somewhat drier, sandier and higher elevated sites in these meadows, Silene pratensis and Verbascum densiflorum, together with a species from wetter sites in the meadows, Galium palustre, did not even survive this short flooding. The latter species is well-known as a true wetland species, even though its roots are thin and do not contain aerenchyma (Justin and Armstrong, 1987) . It is likely that its roots tend to grow in the upper layers of the flooded soil, which becomes more oxygen-deficient during deeper floods. The remaining two species from these meadows, Deschampsia cespitosa and Ranunculus acris, survived 6 weeks of complete submergence and were classified as tolerant, although the latter species lost a large part of its biomass.
Enhanced shoot elongation is a well-known acclimation of terrestrial plants to complete submergence that can restore the contact of the leaves with light, carbon dioxide and oxygen. It can be a result of increased stem, petiole or lamina growth, and is accompanied by a vertical orientation of the leaves (hyponasty) ; Banga Treatment replicates initially were five in the initial group (except for Hl in which it was four), eight in control (except of Pv, Sp and As, in which it was seven, and Hl and Gb in which it was six), nine in both treatments with short flooding and eight in long flooding treatment (except for As and Lv in which it was six and nine, respectively). Later, during the course of the experiment, the number of replicates depended on their survival during and after flooding.
et al. Blom and Voesenek, 1996) . However, this type of response requires considerable energy and carbohydrate input (Groeneveld and Voesenek, 2003) and it is beneficial only when prolonged and/or relatively shallow floods occur. For this reason it was suggested that fast-elongating species should be found rather in flood-prone environments with slow drainage and shallow temporal pools (Voesenek et al., 2004) . The present data indicate a significant difference in shoot elongation between species from river foreland and those from wet meadows (treatment Â habitat effect on shoot height; Table 2A ), which results particularly from the collapse of many meadow species after 6 weeks of flooding (Fig. 4) . This is strengthening the results obtained by Voesenek et al. (2004) , who subjected plants to the gaseous plant hormone ethylene to determine their potential for shoot elongation. Species from sites that were regularly flooded for longer duration with shallow water depth showed stronger responses than those from habitats with different flooding characteristics (e.g. no prolonged flooding or only deep flooding). The present study, however, considered the effect of complete submergence on the plant as a whole, creating more complex stress conditions. Here too, shoot elongation appeared to be an important feature of floodplain species, and even though these plants were not able to restore contact with the atmosphere, they placed their shoots in such a position that underwater photosynthesis was optimized. To a lesser extent, also many of the less-tolerant species showed such responses, particularly by increasing the angle of the leaves towards a vertical position. This hyponasty may have shared response pathways with shade avoidance, causing a constitutive response under water even in non-wetland plants (Pierik et al., 2005) , and, thus, potentially contributing to underwater photosynthesis. This trait may lead to an improved carbohydrate and oxygen status (Rijnders et al., 2000; Mommer et al., 2004) and is likely to be an important process allowing plants to survive. However, in previous studies it was shown that flooding-tolerant species formed new leaves under water that are acclimated to submergence, whereas intolerant species did not possess such abilities (Mommer et al., 2006) . Moreover, intolerant species did not have sufficient capacity for internal gas transport, which makes it unlikely that underwater photosynthesis attributes substantially to survival of these species . Evidence for this was particularly clear from Arabidopsis suecica, which showed complete disintegration of the root -shoot junction even though the leaves appeared green and viable.
Plant species from both types of wetland habitats showed not only large differences in survival upon complete flooding, but also displayed different patterns regarding the maintenance of biomass and shoot elongation. Additional to survival rate, observed biomass changes can provide valuable information about the condition of the plants, their tolerance to total submergence (Gibbs and Greenway, 2003; van Eck et al., 2004) and their ability to compete with neighbours after de-submergence (Lenssen et al., 2004) . Larger plants are likely to have a competitive advantage over plants that just barely survived the flooding period.
The present experiment showed that tolerant species were generally able to maintain or increase their leaf biomass even during 6 weeks of flooding. In comparison to the tolerant group, intermediate species lost more of their leaf biomass during the short flood, leading to a considerable reduction of survival rate when flooding lasted longer. In some cases, leaf biomass actually increased during short flooding; however, these species all died during longer flooding, potentially because biomass allocation to these leaves was costly and rendered too few benefits. The results confirm earlier data describing similar patterns of leaf biomass reduction in relation to tolerance to flooding with a limited number of species (flooding-intolerant Daucus carota, more-tolerant Rumex acetosa and tolerant Rumex crispus; van Eck et al., 2005) . In this study, Daucus carota apparently was not able to access its reserve of carbohydrates, probably because it lacked production of the specific enzymes required to mobilize carbohydrates during flooding, whereas Rumex acetosa and Rumex crispus could profit from carbohydrate stores and thus slow down the rate of decay of their biomass (van Eck et al., 2005) . However, taproot biomass, being the main store of carbohydrates, did not specifically show decreases in the tolerant species in the present experiment.
Since under flooded conditions, when most soil nutrients are more readily available (Lamers et al., 2006) , the presence of a well-developed fine root system is probably not the most crucial requirement for survival. Additionally, the maintenance of roots surrounded by hypoxic or anoxic soil requires a continuous oxygen supply to these roots (Vartapetian and Jackson, 1997) . The tolerant species in our experiment (except for Achillea millefolium) from both habitats generally were still able to enhance or maintain their root biomass during flooding. This indicates that these plants were probably able to photosynthesize under water or to take up oxygen via their leaves (Mommer et al., 2004 , and that they possessed an efficient within-plant system of gas transport (Laan et al., 1989; Blom et al., 1994) . In contrast, most intermediate species lost more fine root biomass during 3 weeks of flooding than they re-gained during the recovery periods. However, this loss of root biomass had no apparent effect on plant performance under water, except for when the decay of roots and the root -shoot junction caused detachment of the shoot from the roots, as observed in Arabidopsis suecica plants. Much more important is the role that roots probably play immediately after the flooding period, when their condition and biomass gain will be decisive for plant survival. It is likely that substantial decay of roots can be the reason for plant death occurring up to 2 weeks after de-submergence, typically well after the period where post-anoxic injury due to radical oxygen species may result in reduction of survival rate (Nabben et al., 1999) . In the present experiment, soils were still quite wet in the first few days immediately after flooding, but later became gradually drier. Under these conditions, the small number of very short roots of the relatively intolerant species Galium palustre and Silene pratensis, and of the intermediate species Arabidopsis suecica and Linaria vulgaris, were not able to provide the plants with sufficient water. Consequently, plants with a low root : shoot ratio 2 weeks after the short flooding generally showed lower survival rates after 5 weeks of re-growth.
Surprisingly, the patterns of total biomass development in tolerant and intermediate species were not as predictable as shown by van Eck et al. (2004) . Tolerant plant species in the present experiment could either have high biomass loss followed by fast recovery in the re-growth period (e.g. Achillea millefolium, Lolium perenne and Phleum pratense), or little biomass loss, followed by slower recovery. At the other hand, although most intermediate species lost quite a large amount of biomass during the short flooding, some of them maintained or even increased their total biomass compared with the initial harvest, but still could not survive the longer flooding treatment. Apparently, total biomass development during a flooding period does not necessarily predict the tolerance of a plant species. Plants of certain species can survive long periods of flooding with very small biomass (and have high recovery growth afterwards), and species that initially maintain a great biomass may suddenly collapse.
Based on the data presented here, it is concluded that if former river forelands, which were transformed into either dry or wet meadows, are reconnected to the main river bed (e.g. to function as temporary water retention basins during high levels of river discharge), this would strongly influence plant species composition and abundance. This effect will be modified by submergence depth, duration, timing, frequency, water quality, turbidity and flow. Such conditions are likely to favour species adapted not only to soil flooding but also to complete submergence. Flooding events in winter and early spring or short summer submergence (,3 weeks) are not likely to cause such dramatic changes, because they probably will not eliminate the species that have an intermediate flooding tolerance. Much higher impact will have long floods in the growing season, which may lead to the disappearance of the majority of species present, and to disturbance of the balance between any remaining species (e.g. in the case of the present research area, between the two co-dominant grasses, the intermediately tolerant species Holcus lanatus and the tolerant species Deschampsia cespitosa, favouring the development of the latter one).
